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TEIEEF!FECTIVENESSOFWINGVORTEX(ENERATORSIN IMPRov-
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WINGAIRPMNEAT TRANSONICWEED#

By NormanM.McFadden,GeorgeA. Ratherty Jr.,
andRichardS.Bray

Several
inducedflow

modificationsintendedto alleviatetheeffectsofshock-
seperationhavebeenflighttestedattransonicspeedsand

highaltitudes& a swept-wingfighterairplane.
—

Theeffectsofthemodificationson thepitch-upandwing-dropping
problems,thebuffetboundary,aileroneffactiveness,sndairplanedrag
wereinvestigated.Vortexgeneratorswerefoundtobe effectiveinboth
thewing-droppingandpitch-upproblems.Therapidincreaseinaileron
stickforceandanglerequiredtoholdthewingslevelabovea Mach
nuniberof0.92wasgenerallyreducedandpracticallyeliminatedforlg
flightwithan arrangementofvortexgeneratorsat 35-percentchord.
Theairplsmenormal-forcecoefficientatwhicha lossinliftontheouter
portionofthewingcauseda longitudinalinstabili~wasraisedan average
of0.13intherangeofMachnunibersfrom0.90to0.94by an arrangement
ofvortexgeneratorsat15-percent,chord..Theairplanedragcoefficient
penaltyincurredwasnegligiblewiththearrangementat 35percent0$the
wingchord,andwas0.0015at cruisingMachnwnberswiththesrrangenient
at15percentofthewingchord.Thedragduetoliftwasnotappreciably
affectedlyeitherconfigurationatMachnmibersof0.82and0.%.

Resultsoflimitedtestsup to aMachnmnberof0.94withmultiple
boundsry-layerfencesandwiththeoutertwosegmentsofthewingleading-
edgeslatsextendedarepresentedforcomparison.

INTRODUCTION

FlightexperiencewiththeF-86Aandotherswept-wingairplanes,
includingthatdescribedinreferences1 and2,hasfocussedattention
onthreeproblemswhichaffectoperationat transonicspeeds:buffeting,

%SupersedesrecentlydeclassifiedNACAI/MA51JL8%YNormanM.
McFadden,GeorgeA. Rathert,Jr.,andRichardS.Bray.
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2 NACATN 3523

wingdropping,andthepitch-upathighliftcoefficients.The~-
droppimgtendencyisevidentasa rapidincreaseinthesmountofaileron
controlrequiredtomaintainlateralbalmcewhilethepitch-upisa
longitudinalinstabilityresult- inanuncontrollablenosing-upten-
dency.EachoftheseproblemshasbeenMnked tovaryingextentwith
theeffectsof shock-inducedseparatedflowoverthewing.

TheNACAisnowstudyinga nuuiberofmoiMficationsintendedtoreduce
theeffectsoftheflowseparationIthasbeenshownthatvortexgen-
erators,a developmentreportedby H.D. TayloroftheUnitedMrcraft
Corporation,areeffectivedevicesforcontrollingflowseparation.The
vortexgeneratorsaresmallairfoilsplacedperpendiculartoa surfacein
a flowfieldinsucha msmnerasto createvorticeswiththeiraxesalined
intheflowdtiection.Vortexgeneratorsofthepropersizeandarrsmge-
mentthusprovidean intermixbnoftheretsrdedflowintheboundary
layerwiththehigherenergyflowfartherfromthesurfaceand,hence,
tendtodelayseparation.Theapplicationofvortexgeneratorsto shock-
induce~flowseparationisdiscussedinreferences3 and4. Reference5
presentsresultsofflighttestsofa vortex-generatorarrangementona
straight-wingairplane.

Theresultspresentedhereinarea sunmary oftheinformationobtained
todatewithvortex-generatorarrangementsona NorthAmericanF-86A
airp~e. Alsoincludedforcomparisonpurposesaredataobtainedwith
multipleboundary-layerfencesandwiththeoutertwosegmentsofthe
winglead3ng-edgeslatsextended.
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2

BasicAirplaneandInstruments

testairplane(fig.1)wasa NorthAmericanF-86A-5,
48-291.withthestandardelevatarbumeeandbobweiatremoved.

Thesemodificationssffectonlythestickforceapparentto the@lot and
do notchangetheelevatorhingemoments.Pertinentdimensionsaregiven
intableI andinthetwo-viewdraw5ng(fig.2).

StandardNACAinstrumentsandamoscillogrqhwereusedto record
thetidicatedairspeed,altitude,normslandlongitudinalaccelerations,

.— ——..— ..—— .— —- .—— —..
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pitching,rolling,andyawbg velocities,control-surfacepositions,
strain-gageoutputs,angleofattack,andangleof sideslip.Therecord-
ingsofthedataweresynchronizedatl/10-secondintervalsby a single
timingcircuit.ThetrueI&chnumberwasobtainedfromthenose-boom
airspeedsystemusingthecalibrationdescribedinreference6. The
pitchhg-mmentcoefficientsforthewing-fuselagecombinationwerecom-
putedfromhorizontaltailloadsmeasuredby electricalstraingageson
thethreeclevisfittingssupportingtheadjustablestabilizerandwere
‘correctedfortheeffectsofpitchingaccelerationandinertialoads.
Theelevatorhingemomentsweremeasuredby electricalstraingageson
theelevatortorquetubejustinboardofeachelevator.Thetechnique
usedtodetermimetheairplanedragisdiscussedintheappendix.

Modifications

Lockedslats.-Thenormallyfree-floatingwingleading-edgeslats
werelockedandsealedatthespanwiseandchordwiseslatjointsinall
modifiedconfigurations.Thiscontitionwasevaluated,therefore,asa
separatemodification.Theslatswereclampedb thebasicwingby four
boltsinthetrailingedgeofeachofthespsawisesegnentsandthejoints
weresealedwithtape. .

Vortexgenerators.-Resultsarepresentedfortwoarrangementsof
vortexgeneratorsdesignatedas-configurationsA andB. ConfigurationA
wassetatthe trailing edgeof‘theslats,appro-tely 15-percentchord,
overtheouterW ofthewing. Dimensionsandphotographsareshown
infigure3. ConfigurationB consistedof anarrangementoflargergener-
atorsina morerearwardlocation,35-percentchord,as showninfigure40
Inbothcasestheangleof incidenceofthegeneratorswithrespectto
thefreestresmwassetat about20°,noseoutboard,resultinginan
averageangleofattackforthegeneratorsofapproximately15°,as esti-

8matedfromtuftphotographs.Thegeneratorsweremountedparalleltoone
anotherratherthaninalternatepairsas recommendedinreference3 since
unpublisheddatafroma low-speedwindtunnelhaveshowntheparallel
arrangementtobe moreeffectiveona sweptwing. Thearrangementused
createsvorticeswitha directionofrotationsuchasto opposetheout-
boardfiOTT.Td_bti theboundarylayeronthesweptwing.

Boundary-layerfences.-Forcompamtivepurposesa limitedamountof
dataarepresentedforthemultipleboundary-layer-fenceconfiguration
showninfigure5. Thefenceswerebasicelly5-incheshighandextended
fromthe18-percent-chordpointonthelowersurfacearoundtheleading
edgetothe63-percent-chordpointontheuppersurface.Thefenceswere
placedat 36,53,and~ percentofthesemispan.

Wing-tip-slatextension.-Thismodificationconsistedoflocking
thetmooutersegmentsoftheleading-edgeslatson eachwinginthe
2/3extendedposition.5e innertwosegmentswerelockedclosed.The
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r gapbetweenthec?tiendedslatsandthewingwasleftopen. Twophoto-
graphsshowingtherelativepositionsoftheextendedslatsandthewing
arepresentedinfigure6. Dimensionsaregivenintable1.‘.

Tests

Thetestsincludedmeasurementsoftheeffectsofthemodifications
onthebuffetboundary,thepitch-up(longitudinalinstability),wing-
dropptigtendency,aileroneffectiveness,andairplanedrag. Thefollow-
ingaveragetestconditionsweremaintained:altitude,35,000feet;wing
loading,43.4poundspersquarefoot;andcenter-of-~vityposition,
22.5percentofthewingmeanaerodynamicchord.TheReynoldsnumber,
basedon C,variedfrom15,500,000atalkchnumberofO.~ to19,4CQ,000
at a Machnumberof1.00.

Thebuffetboundariesweredeterminedfromgradualwings-lekelpull-
upsandfrompitch-upruns. Themaneuversusedto investigatethepitch-
up consistedofwind-up,or continuouslytightening,turnsat constant
Machnumberupto theactualinstability.Thewing-droppingtendency
wasmeasuredintermsoftheaileronangleandstickforcerequiredto

‘ maintainzerorollingvelocityintwotypesofdiveup toa Machnuder
ofabout1.00. Inthefirsttype,aileronswereusedonlyas.requiredto
maintainwingslevelandno rudderpedalforcewasapplied.Inthesecond
type,bothaileronandrudder-with300poundspedalforcewereusedto
maintainasnmchsteadysideslipaspossible.Theaileroneffectiveness
(thevariationof rollingmomentwtthaileronsagle)wascomputeddirectly
frommeasurementsoftherollingaccelerationat zerorollingvelocityin
themannersuggestedinreference7. Theairplanedragwasdetermined
frommeasurementsofthetail-pipetotalpressureandaccelerationforces
actingontheairplaneinconstant-speedrunsas shownintheappendix.
In orderto checktheaccuracyofthemethodofevaluatingthethrust,
wherepossible,datawereobtainedat threedifferentpowersettingsat
eachspeed.

Onepointconcerningthe
in interpretingtheresults.
involved,a nmber offactors

testprogramdeservesextraconsideration
Sincea flow-separationphenomenonis
othertbs.ntheparametersactuddydiscussed

affectthetestcoqmrisons,particularlypitchingveloci@,rateof con-
trolmovement,andwingsurfacecondition.Suchfactors,especiallythose
involvingpilottechni~e,havebeenheldas constantaspracticablein
makingthecomparisonsshown.

—_ ..— ...--—— —— — ——e. — —— —— —
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RESULTSANDDISCUSSION
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.

BuffetBoundary

Thebuffetboundariesfortheproductionairplaneandtwomodified
configurationssreshowninfigure7. Thecriterionusedisthefirst
appearanceofbuffetingaccelerationsoftheorderof*0.03gatthecenter
of gravity.Thelargestchangeinthebuffetboundsmywasobtainedby
lockingtheslats,presumablybecausethiseliminatedthe48-cycle-per-
secondvibrationoftheslatswhichpredominatesti,thebuffetingcharac-
teristicsoftheproductionairplane,notedinreference1.

lls f@me 7 shows,however,vortex-generatorconfigurationA gave
somefurtherimprovement.Thisisattributedt-oaneffectivereduction
intheextentof separatedflowonthewingwhichmaybe seenby examin-
ingfigures8 and9. Thechangesintheaileronfloatinganglecaused
by thevortexgeneratorsareshowninfigure8. Thetuftphotographsin
figure9 indica~,by theobviousdifferencesintuftbehaviorbefore
andaftertheabruptup-floatingtendency,thatthemountof aileron

,.

floatingangleisa goodindicationoftheintensityof separatedflow
onthewing. Thedatainfigure8 showthatthesharpupwardbreakin
floatinganglewithincreasingnormal-forcecoefficientispostponedto
highernormsl-forcecoefficientsby thevort~ generators,andthefloat-
ingsingleisappreciablylessatthenormel-forcecoefficientsnotedon
thefigurewherebuffetingappearsontheoriginalconfiguration.

It isdifficultto assesstheimportanceofthemagnitudeofthe
changesshowninfigure7 sincetheincreaseinbuffetintensitywith
penetrationbeyondthebuffetboundaryremainscomparativelylowatthe
sltitudeofthetestsevenontheprductionairplane.In theopinion
oftheNACApilotsthemaneuverabilityislimitedby thepitch-upproblem
ratherthanbuffetimg.

Pitch-Up

Withinthebuffetingregionthemaneuverabilityislimitedbetween
Machnumberof0.75and0.94by a reversalofthevariationofelevator
stickforceandpositionwithnormalaccelerationwhichmakesitdiffi-
ctittoattainhigheraccelerationswithout“overshooting”or inadvert-
entlypitchingup to a stall.Theinvestigationreportedinreference8
hasshownthatthisis-dueto anabruptreductioninthestabilityofthe
wing-fuselagecombinationcausedby lossofliftontheouterportionof
thewing. Theflowseparationnearthewingtipsandtheresultinginboard ~
and,consequently,forwardshiftofthecenterofpressurearedocumented
inreference8.

Theeffectofvortex-generatorconfigurationA onthewing-fuselage
pitching-momentcharacteristicsatfourMachnumbersispresentedin
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figure10. Thecomparisonismadewiththeslats-locked,wing-sesled
configurationratherthantheproductionairplanesincemoresuitable
dataareavailableandsincethatmodificationhadlittleeffectonthe
pitch-upcharacteristics.Thevortexgeneratorsdelaytheunstablebreak
inthewing-fuselagepitching-momentcurvestohighernormal-forcecoef-
ficientsatMachnumbersof0.91and0.93,“thegreatestincreasebeing -
froma normal-forcecoefficientof0.31to 0.45at a Machnumiberof0.91.

Theextensionduetothevortexgeneratorsoftherangeofnormsl
accelerationforwhichthecontrolcharacteristicsweresatisfactoryat
35,000-feetaltitudeis showninfigureU.. FigureXl.(a)showsthe
increaseinelevatorhingemomentrequiredforbslsnceathighaccelera-
tions.Hingemomentsratherthanthemorefamiliarstickforcesarepre-
sentedto excludetheeffectsofthepower-boos%systemandcontrollink-
ages. Thechangesinthecorrespondingvariationsofelevatiranglewith
normalaccelerationarepresentedinfiguren(b).

Theeffectivenessofthevortexgeneratorsin improvingthewing-
fuselagestabilitycharacteristicsiscomparedwiththatofthemultiple
boundsry-layerfencesinfigure12. At a Machnumberof0.93thenormal-
forcecoefficientforthechangein stabilityis0.30forthelocked-slat
configuration,0.43withthevortex-generatorarrangement,snd0.53with
thefences.Figure12 is shownpr-ily to indicatethatfurtherimprove-
mentispossiblebymodifyingtheflowcharacteristics,sincethevortex-
generatorconfigurationusedisobviouslynotnecessarilyanoptimum.

Thelimitsofthelkchnuniberrangewhereinthevortexgenerators
areeffectivearebroughtoutmoreclearlyby figure13,whichsummarizes
theeffectofMachnumberonthenormal-forcecoefficientforthechmge
in stabilityofthewing-fuselagecombination.As notedinthefigure
anddiscussedinreference8,abovea Machnumberof0.95no abruptchanges
in stabilityhavebeenencounteredup to a normsl-forcecoefficientof
0.70,thetestlimit.Theeffectivenessofthevortexgeneratorsis sig-
nificantonlybetweenMachnunibersof0.88and0.94wherebuffetingand
separatedflowappearat considerablylowernormsl-forcecoefficientsthan
atlowspeed.It isbelieved,on thebasisoftheaileronfloatingchar-
acteristics(fig.8),andobservationsofmotionpicturesoftuftbehavior,
thatshock-tiducedtrailing-edgeflowseparationisthepredominantfactor
changingthecharacteristicsofthewinginthisMachnumberrangeand
thatsomeformofleading-edgeflowseparationoccursatthelowerspeeds
wherethevortexgeneratorsarerelativelyineffective.

Additionalevidencesupportingthisbeliefis suppliedby theeffect
of a modificationto theflowconditionsatthelesil.ingedge,the@en-
sionoftheoutertwosegmentsofthewinglesding-edgeslats.As sho~.m
infigure14,ata MachnumberofO.&ltheslatextensioneffectively
eliminatestheabruptreductioninthestabilityofthe*g-fuselage
combinationandproducesa stablestsll.At a Machnumberof0.92where
thevortexgeneratorsareeffective,theslatextensioniscompletely
ineffective,actuallyreducingthenormal-forcecoefficientatwhichthe
instabilityappears.

...—. —.— .. .——. _ ~..—. _ —- .-—— —— ——
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Figure13 servesas a summaryoftheimprovementinmaneuvering
accelerationprovidedby thevortexgeneratorsandthefences.At the
testaltitudeof35,000feettheincreaseisfroma normalacceleration
of2.Og’sto2.9g’sata Mch nuniberof0.91. Thecomputedlinesadded
to thefigureareforconstantnormsl.accelerationat 20,000feetand

-indicate,assumingno aeroelasticeffects,an increasefrom4.Og~s
to5.~g~s.

It shouldbeemphasizedthatthedatainfigure13 indicateonlyan
increaseintheusefulrangeofnormsl-forcecoefficientoracceleration.
Referencetotheindividualpitching-momentcharacteristics(figs.10
and3.2)showsthatalthoughthevortexgeneratorsandboundary-lsyer
fencesdelaythepitch-uptohighernormsl-forcecoefficientsorhigher
accelerations,theyneithereliminatenoralleviatetheintensityofthe
pitch-upand,hence,donotlessenthedangerofthischaracteristicif
theaccelerationattainedisclosetothemaximumdesignacceleration.

WingDropping

Thewing-droppingtendencyonthetestairplaneismadeevidentby
a rapidincreaseintheamountof ailerondeflectionandforcerequired
toholdthewingslevelathighsubsonicI@chnumbers.Itappesrsthat
thistendencyisduetotheshock-inducedseparationonthevingcaus@
a decreaseinaileroneffectivenessandan increaseintherollingmoment
dueto sideslipwhichmustbe trimmedby thedlerons(ref.2). Onthis
basisvortexgeneratorsmightbe expectedtoslleviatethewing-dropping
tendencyeitherby increasingtheeffectivenessoftheaileroncontrol
orby reducingtheasymnet~oftheseparatedflowinducedby sideslip.

It isdifficultto obtainrepeatablequantitativedatawithregard
tothew3agheavinessofanairplaneunlessthemannerofmakingthe
maneuveriscloselycontrolled.Themostsignificantvariablesarethe
useofaileroncontrolandthesideslip.Theuseofaileronsisimpor-
tantbecausetheaileroncharacteristicsarenonlinearintheMachnumber
rangeunderconsideration.Forsomeconditionsthereisa reversalof
sileroneffectivenessat smsJJ_aileronanglessndthewingdroppingcan
be checkedby applyingoppositeaileron(rightrollingvelocityproduced
by leftailerondeflection).An exampleofthisis shovninfigure15
by comparisonofthetimehistoriesof rollingvelocityandsdleronangle
(rudderpositionbeingheldfixedandsideslipvaryinglessthanfi/4°).
It isapparentthatrollingveloci~isintheo~ositedirectiontothe
appliedsi.leronanglethroughseveralreversslsofdirection.Therefore
intherangeofthisreversal.thepilotcaneither,by attemptingto
operatetheaileronsinthenormalsense,makea mildwingdroppingseem
muchmoresevere,or,by operatingtheaileronsinthereversedsense,

—
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checkthewingdroppingaltogetherat smallsideslipangles.2Thesteady-
statewing-droppingdata(fig.16),fromwhichthemodifications~ evsl-
uated,arefortheaileronsdeflectedinthenormslsenseat anglesbeyond
thatatwhichthereversedeffectivenessexists.

Thesideslipism @o&ant variablebecauseevensmsllamountsof
sideslip,towhichthepilotisrelativelyinsensitive,affecttheproba-
bilityoftheoccurrenceofthewingdropping,thedirectionoftheroll,
andtheMachnuuiberatwhichitoccurs(0.% to0.96Machnuniberonthe
testairplsae).Intiewofthis,theeffectofthevortexgeneratorswas
measuredfortheexlmeme-sideslippingconditionsof 300-poundsrightand
leftrudder-pedalforceaswellasforthenormalconditionoflow-lift
wings-leveldiveswithno rudder-pedalforce.Theseconditionsrepresent
theextremesin sideslipresultingfromlikelydifferencesinbuilt-in
asynmetry,pilottechnique,andmsnnerof entryintothedive.

Thevariationsofaileronposition,stickforce,andsideslipangle
withMachnumberarepresentedinfigure16fortheproductionairplane
andforthevortexgeneratorconfigurationsA andB atliftcoefficients
correspondingtolevelflight.3 Dueto thevariableeffectsoftheflight
conditionsjustdiscussed,thechangesinMachnuniberforthewingdrop-
pingarenotconsideredtobe significantandthemodificationsareevsJ_-
uatedonthebasisoftherelativeamountsofaileronstickforceand
positionrequiredtomaintainlateralbalahce.

A comparisonbetweenfigures16(a)and16(b)showsthatvortex-
generatorconfigurationA reducedthewing-droppingtendencyintheno-
pedsl-forcecase.Themaxhumaileronanglerequiredwasreducedfrom
13°to1.5°andthestickforcefrom9.5poundsto 4.0pounds;however,
thewing-drop@ngtendencywasnotsignificantlyreducedundertheextreme
sideslippingconditions.

Furtheralleviation ofthewing-droppingtendencywasobtsdnedby
changingtolargergeneratorsmountedfartherbackonthewingatthe
35-percent-chordpoint,configuration.Comparisonoffigures16(a)
and16(c)showsthatthewing-droppingtendencyinthewings-levelno-
pedal-forcedivewaspracticallyeliminated.Forthedivewith 00-pounds
rightpedal’force,themsximum 2aileronanglewasreducedfrom13 to4.5°
andthestickforcefrom13.5poundsto 3 pounds.

21tispossiblethatin someinstancesthewingdroppingmaybe due
entirelyto thisreversedaileroneffectiveness;theeffectsof sideslip,
asdiscussedsubsequently,beingimportantonlyinthatsideslipwould
necessitatetheuseof tileronasthel.hchnumberrangeforwingdropping
wasentered.

%e datafortheproductionairplane(fig.16(a))areforthenormal
conditionof slatsoperativeandunsesled.Theslatswerelockedand
sedl.edwiththevortexgeneratorsinstalled.A sepsratievaluationof
theeffectof seslingtheslatsindicateda tier effectontheMachnum-
beratwhichwingdroppingoccurredbutno effectonthemagnitideofthe
aileronangleandforcerequiredfortrim,thebasesforevaluatingthe
modifications.

. ...—.——— .—— —— . —. . . .—
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Figure16presenteddata forthelift-coefficientrangecorrespond-
ingb level-flightvslues(0.0~to O.1~).Someindicationthatthe
improvementprovidedbythevortexgeneratorsmaynotbe as satisfactory
athigherliftcoefficientsis shownby thetimehistoryinfiguxe17.
Inthisonecircumstance,a pull-outfroma high-speeddiveinwhicha
liftcoefficientof approximately0.3wasachievedatmaximumsideslip
anglerequired9.6°totalaileronangleand7-poundsstickforcefor
laterslbalanceevenwithvortex-generatorconfigurationB instslled.
Thesevaluesareofthessmeorderasthoseshcnminfigure16(a)forthe
wingdroppingoftheproductionairplaneatlevel-flightliftcoefficients

Itwasnotpossibletodeterminehowmuchoftheimprovementdueto
thevortexgeneratorswascausedby an increaseinaileroneffectiveness
6ndhowmuchwasdueto a decreaseintheout-of-trimrollingmoment.
Thelimiteddatarelativeto CZba,whichwereobtainedby themethodof

reference7, aresho~min figure18. The data cannot be usedto compare
theaileroneffectivenessofthetwoconfigurationsbecauseoftheafore-
mentionednonlinemi@inaileroneffectivenesswithsdlerondeflection.
Thefiguredoesshow,however,thatthereis stilla markedreductionin
aileroneffectivenessat 0.96Machnuniberwiththevortexgenerators
installeddespitethefactthatthisconfigurationprovideda definite
improvementinthewing-droppingcharacteristics.

Althoughdataarenotpresentedhereinto showtheireffectsonthe
wing-droppingcharacteristics,it isof interesttonotethatthe
boundary-lsyerfencesandwing-tipslatextensionhada negligible
‘effectonthisproblem.

Awsrningnoteis justifiedwithregardto attemptsto applyvortex
generatorsto otherairplanestodecreasethehighMachnumberIting-
droppingtendency.It isapparentthattheunsymmetricalseparation
causingtheout-of-trimrolX.ngmomentmaybe soseverethatthevortex
generatorswillfailto relievethecondition.It is suggestedthatthis
dissymmetryshouldf~st be “m.nimizedby adjustmentsinthedirectional
trimoftheairplaneuntilitispossibletoi&ketheairplanebecome
wingheavyb eitherdirectionbyuseoftherudder.In sucha casethe
presenttestresultstheninticatethatthevortexgeneratorsarelikely
tobe sufficientlyeffective
slipintroducedby thepilot
maneuver.

The changes in sirplsne
sho~minfigures19 and20.
ofthedragcoefficientat a
theincreaseinminimumdrag
is0.0015atWch numbersti

to copewithinadvertentdeviationsin sid&
duetomannerofentryintothediveor

Performance

dragcausedby thevortexgeneratorssre
Figure19,thevariationwithMachnumber
liftcoefficientof0.15,indicatesthat
coefficientcausedby confi~rationA
thenormalcruisingrangeand0.002~at

.

n
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supersonicspeeds.Theeffectsonthedragcoefficientcausedby vortex-
generatorconfigurationB, thenmrerearwardarrangement,arenegligible
at.aJ1speeds.

Thegroupsof test points in figure19nearMachnumbersof 0.70,
0.81,0.86,and0.91wereobtainedforenginepowersettingsvsrying
from70-to100-percentfullpowerineachgroup.Thesmallamountof
scatterinthecomputeddragcoefficientisan indicationthatthethrust
calculationsaresufficientlyaccurateto justifya comparisonoftiag-
coefficientincrementsoftheorderof0.0010at thosel&chnumbers.

ThevariationsofdragcoefficientwithliftcoefficientatMach
nunibersof0.82and0.86arepresentedinfigure20. Thefairingsshmm,
thetruepsrabolasbestfittedtotheavailabletestpoints,indicate
thatthereisno appreciableeffectonthedragduetoliftup toa lift
coefficientofabout0.4. The‘Oswaldefficiencyfactor”fora symmetrical
wing,

CL2
e=

‘(i-d
hasa valueofa~roximately0.6atbothI@chnumbersina2J_configurations

Althoughdragmeasurementswerenotobtained,itmustbe notedthat
thelargeboundary-layerfenceswhichwerethemosteffectiveindealing
withthepitch-upproblemresultedinnoticeablereductionsinrateof
cltib(below0.88Machnumber)andinmaximumspeed.Themsximumsllti-
tudeattainablewasreducedabout5,500feetby thefences;whereasno
reductionhadbeennotedwiththevortex-generatorarrangements.

CONCLUDINGREMARKS

Measurementsoftheeffectsofvortexgeneratorson thestability,
control,andperformancecharacteristicsof a swept-wingairplaneat
transonicspeetihaveindicated:

1. Thewing-droppingtendencyabovea Machnumberof0.92was
alleviatedappreciablyinsideslippingflightandpracticallyeliminated
innormsllow-lift,wings-leveldivesby an ~rangementat35-percent
chord.ThetendencywasstiU encounteredin sideslippingflightina
puI1-outata normal-forcecoefficientof0.25,however.

2. BetweenI&chnunibersof0.90and0.94,thenormal-forcecoeffi-
cientatwhichseparatedflowonthewingtipsprcduceda pitch-up,or
longitudinalinstability,wasraisedanaverageof0.13by an arrange-
mentat15-percentchord.

-— —— ...—— —__— . ..__ .— —



12 NACATN 3>23

3. The drag pensltyincurredwasnegligiblewiththearrangement
ofvortexgeneratorsat 35percentofthewingchordandwasabout0.0015
at cruisingMachrnniberswiththearrangementat15percentofthewing
chord. ThedragduetoliftI,ras notappreciablysffectedby eithercon-
figurationatllachnunibersof0.82andO.86.

Limitedtestsoftwoothermodificationsweresignificantintwo
respects.Largemultipleboundary-layerfencesweremoreeffectivethan
vortexgeneratorsindelsyingthepitch-upbetweenMachnumbersof0.88
aud0.94butcauseda reductioninperformance.Theextensionofthe
outertwose~entsofthe~,~leading-edgeslatswaseffectiveinallevi-
atingthepitch-upat a Mch numiberof0.80butwascompletelyineffective
at akch nuniberof0.$2.

AmesAeronauticalLaboratory
NationslAdvisoryCommittee

MoffettField,Calif.,
forAeronautics
oct.18,1951

r.

L-

— ——.———
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AFPEmcx

‘IKEDETERMINATIONOFDRAG

Thedragaspresentedinthisreportwasdeterminedfromthefollow-
ingequation

D = W(ANsinu - ALCOSa)+ F~os a

where

D

w

AN

AL

a.

FN

dragof airplane,lb

weightofairplane,lb

normslaccelerationfactor

longitudinalaccelerationfactor

angleofattack,

netthrust,lb

deg

The weight of theairplanewasdeterminedfromtake-off weightand—
theamountoffuelusedbetweenthetake-offandthetimeoftherun.
The longitudinal accelerationw& measure”dby anaccelerometerWhichis
sensitiveto0.0025g.Thesngleof attackwasobtainedfromthenormsl-
force-curveslopeforthisairplane,measuredduringpretioustests.

Thegrossthrustwascalculatedfromthefollowingisentropic—
relationships:

Fg
—=
P&

where

P* tail.-yiyetotalpressm, lb/sqft

3?0 free-streamstaticpressure,lb/sqf%

—.-——.-—.— — .—. . .- —- ——- — . . . . . .
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3?j tail-pipestaticpressure,lb/sqft a

Y ratioof specificheats(assuming7 = 1.33atthetail-pipeexit)

‘g g?COSSthrust,lb

A tail-pipearea,sqft

Thetotalpressureinthetailpipewasmeasuredlya singletotal-
pressureprobemountedinthejet-enginetail.pipeanda uniformdistri-
butionoftemperatureandpressureinthetailpipewasassumed.Itwas
alsoassumedthatthestaticpressureinthetail-pipeexitwasequalto
free-streamstaticpressureandthattherewerenonozzlelosses.

Thenetthrustusedinthedrageqm.tionswasobtainedfrom

Wa
FN=Fg-=V

where

Wa weightofairthroughengine,lb/see

f3 accelerationdueto gmvim,

v airplanevelocity,ft/sec

Becauseno stationontheairplane
determinerateofair’flowthro@
forthistivestigationto estimate
tunneltest ofan engineofthessme
intotalpressureat thefaceofthe
thefree-streamdynamicpressure.

ft/sec2

was
the
the

instrumentedsufficientlyto
enginedirectly,itwasnecessary
airflowfroman altitudewind-

@_pe. Itwasassumedthattheloss
compressorMet was5 percentof
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MBIX I.-DIMENSIONSOFTESTAIN%ANE

‘m
Area. . . . . . . . . . . . . . . . . . . . . . . . . . . 287.9sqf-t
SAP=***=*.**=****** ● **~***.*=*= 37.1 ft
Aspectratio.. . . . . . . . . . . . . . . . . . . . . . 4.79
‘layerratio. . . . . . . . . . . . . . . . . . . . . . . 0.51
Dihedral.. . . . . . . . . . . . . . . . . . . . . . . . 3°
SweepbackofO.25chordline. . . . . . . . . . . . . . . 35%4‘
Aerodynsmieandgeometrictwist(washout).. . . . . . . . 2°
Rootairfoilsection(normalto0.25chordline). . . . NACA0012-64

(modified)
Tipairfousection(normalto0.25chordline).‘.. . . NACA0011-@

(modified)
wan aerodynamicchord.(wingstition98.7in.). . . . . . 8.09ft
utertwosegments”ofleading-edgeslats(onesideonly)
Span(alongtrailingedgeofslat). . . . . . . . . . . . 9.0ft
Area. . . . . . . . . . . . . . . . . . . . . . . . . . . 9.75Sqfi
Chord,perpendiculartotrailingedgeof slat,
(constant). . . . . . . . . . . . . . . . . . . . . . . 1.08ft

ilerons
Area,each.. . . . . . . . . . . . . . . . . . . . . . . 18.6Sqft
span. . . . . ● . ● . , . . . . . ● ● . ● . ● . ● . . . . 9.18ft
~ord,average.. . . . . . . . . . . . . . . . . . . . . 2.03ft
Deflection,maximum. . . . . . . . . . . . . . . . 14°up,14°down
Boost . . . . . . . . . . . . . . . . . . . . . . . . . . hydlallic
Aerodynamicbalance. . . . . . . . . . . . . . . . . curtainsealed,

paddlebalance
Inboardendat.. . . . . . . . . . . . . . . . . . . . . 51.6%b/2
mizontaltail
Area. . . . . . . . . . . . . . . . . . . . . . . . . . . 35.O#&~
span. . . . . . . . . . . . . . . . . . .. . . . . . . ●

Aspectratio. . . . . . . . . . . . . . . . . . 0 . . . . “4.65
!Ibperratio. . . . . . . . . . . . . . . . . . . . . . . 0.45
SweepbackofO.25chordline. . . . . ... . . . . . . . . 34035‘
Airfoilsection(parallelto centerline).. . . . . . . NACA0010-64
Deflection,msximum. . . . . . . . . . . . . 1° stabilizernoseup,

10°down
Meanaerodynamicchord(horizontal-tail
station33.54in.). . . . . . . . . . . . . . . . . . . 2.89ft

Levators

[
Area bothsides).. . . . . . . . . . . . . . . . . . . . 10.lsqft
Span each).. . . . . . . . . . . . . . . . . . . . ... . 5.8ft
Deflection,maximum. . . . . . . . . . . ..* 35 UP,17.5°do%m
Boost . . . . . . . . . . . . . . . . . . . . . . . . . . hydmllic

w



17
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TABLEI.-DIMENSIONSOFT!ESTKCWIANE- CONCLUDED
d

~erticsl tail
Area, toim.l.. . . . . . . .
span . . . . . . . . . . . .
As~ectratio . . . . . . . .
T@ermtio. . . . . . . . .
SweeThackof0.25chordline

Wkler
Area . . . . . . . . . . . .
-**********=*
Chord,average. . . . . . .
Deflection,maximum. ... . .
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Figure2.- Two-viewdrawingof test uirplum?.
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(a)Generalview.

(b)Detail.

Figure3.- Vortex-generatorconfigurationA.
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Figure 4.-Vortex-generator conl’igurat ion B.
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(a)Generalview.

Figure6.- Theextendedwing-tipleading-edgeslatmodification.
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